The reactions of aluminium borohydride with several Lewis bases, containing donor atoms from Groups V and VI, have been studied. All the bases react initially to form 1 : 1 adducts, and those containing nitrogen or phosphorus as the donor atom then react further until 4 equivalents of ligand have been consumed; the products are then derivatives of aluminium hydride, L+A1H3 (where L = ligand) and borane, L+BH,. The infrared and the proton and llB nuclear magnetic resonance (n.m.r.) spectra of the products have been recorded, and are discussed in relation to the structure of the adducts. I n addition, a comparison of the behaviour of aluminium borohydride with that of the boron hydrides is made.
THE reactions of aluminium borohydride with trimethylamine, dimethyl ether, and ammonia have been reported to form 1 : 1 adducts, but the final products were not fully characterised. The reaction with ammonia has been re-investigated,2 but without definite conclusions about the nature of the product. More recently, a series of hydro-aluminium borohydride derivatives have been prepared by reaction of the corresponding chloroderivative with lithium borohydride, and the 1 : 1 adduct with trimethylamine, Al(BH,),,NMe,, was similarly prepared from AlCl,,NMe,.
We have studied the reaction of aluminium borohydride with the typical Lewis bases, trimethylamine and triet hylamine, trimethylphosphine, trimeth ylarsine, dimethyl ether and diethyl ether, and dimethyl sulphide. In every case, under suitable conditions, the initial attack occurred at the aluminium atom, with the formation of a 1 : 1 adduct.
(where M = N, P, or As; M' = 0 or S; R = alkyl) For the ligands containing nitrogen or phosphorus atoms, further addition of the base then caused successive cleavage of the Al-H-B bridges yielding finally borane, and aluminium hydride derivatives. Tensiometric titrations showed a sharp break after four equivalents of ligand had reacted. The reaction can be represented by AI(BH,), + 4MR3 __t 3R3M,BH, + R,M,AIH, (where M = N or P; R = alkyl).
The most satisfactory solvent (for the reactions with ligands containing nitrogen, phosphorus, and arsenic) was found to be n-heptane, when the 1 : 1 adducts were precipitated at -78"; after removal of solvent the white solid products could be purified by sublimation in zfacuo. The 1 : 1 adducts with the ligands containing oxygen and sulphur were colourless liquids, and were prepared directly by mixing the two reactants at -78", 110 further purification being necessary. All the 1 1 adducts decomposed very slowly at rcom temperature, but rapidly at temperatures above about 50". They all reacted violently with water (the nitrogen and phosphorus compounds inflaming), and were oxidised in air.
Spectroscopic Studies.-The infrared spectra of all the compounds have been recorded over the range 4000-400 cm.-l, although it was difficult to resolve the bands in the 600-400 cm.-l region, since the spectra had to be recorded from mulls or solution. Interpretation of the spectra was simplified by the fact that the bands due to the ligand molecules were always weak in relation to the bands associated with the framework around the aluminium atom. Such behaviour is not unusual in adducts of this type.4
Proton n.m.r. spectrum of (a) Al(BH,),,NMe, and (b) Al( BH,) , , AsMe,. The n.m.r. results (for both the boron-11 nuclei and the protons) are given in the significant difference that, firstly, for the trimethylamine adduct, the proton resonance for the borohydride groups has been partially resolved into twelve resonances of relative intensities 1 : 1 : 2 : 2 : 3 : 3 : 3 : 3 : 2 : 2 : 1 : 1; resolution of the proton signal has only been observed previously for aluminium borohydride itself by saturating the aluminium-27 resonance, when the resultant quartet was identical with that obtained for the borohydride ion, although saturation of the boron-11 resonance did not produce the sextet expected, but only a partially resolved multiplet. Secondly, the proton spectra of the trimethylarsine and dimethyl sulphide adducts also show some resolution into four prominent lines similar to that obtained for the borohydride ion.
RESULTS AND DISCUSSION The nuclear magnetic resonance and infrared studies, as discussed below, together with the stoicheiometry of the reactions, indicate that the ligand co-ordinates first with the aluminium atom, thus substantiating earlier suggestions of an aluminium-ligand atom bond in the 1 : 1 ad duct^.^
The physical properties of aluminium borohydride (b. p. [ 19651 are similar in many respects to the boron hydrides. Thus electron diffraction,6 infrared,' Raman,8 and n.m.r. spectra support the conclusion that, for aluminium borohydride, the central aluminium atom is surrounded by three borohydride groups with a planar AlB, skeleton, and with two hydrogen atoms of each borohydride group being bridged between the aluminium and boron atoms.
On formation of the 1 : 1 adducts, the arrangement around the aluminium presumably changes from planar, AlB,, to tetrahedral, L+AlB,, with the ligand atom occupying the fourth tetrahedral position. The trimethylamine and trimethylphosphine compounds are essentially monomeric in 0-1M-benzene solution, the degrees of association, measured cryoscopically, being 1.13 and 1.19, respectively. Such association probably arises from the dipole-dipole interaction expected in such structures. Although the aluminium would appear to be seven-co-ordinate in such a structure, it is possible to construct the double hydride bridge structure with only one bonding orbital on the aluminium atom per borohydride group., The exact positions of the bridge hydrogen atoms cannot be determined from the experimental evidence so far reported, and a more detailed spectroscopic examination of the adducts is desirable, although such studies alone would probably not differentiate between the tetrahedral structures with C3v and C, symmetry; in the latter case, the bridge hydrogens would be twisted out of the L-A1-B plane.
All the adducts show striking similarities in their infrared spectra: thus, all resembled the spectrum of aluminium borohydride over the region 4000-1100 cm.-l, while over the region 1 1 0 0 4 0 0 cm.-l each compound showed at least three major bands. With the adducts with nitrogen or oxygen as the donor atom, a further band was observed at about 500 cm.-l, which presumably arises from the A1-0 or A1-N stretching mode, since Al-N stretching frequencies have been reported in this regiong Unfortunately, this frequency always overlapped with the rather broad band at about 5 0 0 4 0 0 cm.-l, and could not therefore be resolved. The only other adduct that showed more than three bands in this region was that with diethyl ether, where one extra band was observed. Whether the bands in the 1 1 0 0 4 0 0 cm.-l region are associated with the bridge hydrogens or only with the L-+AlB, framework cannot be determined at present. The presence of L+AlH, and L+BH3 derivatives in the products after four equivalents of base had reacted was confirmed by comparison with published spectra (L+AlH3),9 and spectra of prepared pure samples
The equivalence of the four hydrogen atoms around the boron atom is shown by the quintet observed in the boron-11 nuclear magnetic resonance spectra of the 1 : 1 adducts with trimet hylamine, trimethylphosphine, trime thylarsine, and diet h yl ether. This, together with the infrared spectra, supports the structure involving an aluminium-ligand atom bond, and suggests that the bonding of the borohydride group is similar in both the aluminium borohydride and the complexes. The proton spectra exhibit some interesting features in that, while the signals were usually broad and unresolved, the signal from the complexes involving trimethylamine, trimethylarsine, and dimethyl sulphide show considerable splitting, and it is therefore possible to obtain reliable values for the shift and coupling constants of the protons. The splittings for the trimethylamine adducts were significantly different from those for the trimethylarsine and dimethyl sulphide adducts.
In the former, the signal was split into twelve lines, and it appears that these represent the twenty-four lines expected, from spin-spin interaction with the aluminium-27 and boron-1 1 nuclei, which have spin-quantum numbers of 3 and $, respectively, allowing for coincidences.
In the latter case, the borohydride protons were split into four prominent lines and, if these represent spin-spin coupling with the boron-11 nuclei, the splitting due t o coupling with the (L+ BH3)
Bird and Wallbridge :
aluminium nuclei is apparently unresolved or absent, since integration over the borohydride and methyl protons confirms that the ratio is 12 : 9 for Al(BH,),,AsMe, and 12: 6 for Al(BH,),,SMe,, respectively. In the spectra of the remaining adducts, the line-broadening for the borohydride protons is presumably due to quadrupole coupling with the aluminium and boron nuclei.
The boron-11 spectra also confirm that the 1 : 1 adducts contain no cleavage products ( k , L+BH, derivatives), and that after four equivalents of the nitrogen and phosphorus bases have reacted with aluminium borohydride, no borohydride groups remain, since a 1 : 3 : 3 : 1 quartet is then obtained. The protons in the aluminium hydride derivatives (L+AlH,) were not detected over a sweep of 500 c./sec. to high field and 1000 c./sec. to low field of the borane proton signal.
In view of the relatively small changes in the proton line on adduct formation, it is not surprising that changes in the boron-11 spectra are also small. Indeed, there is a remarkable consistency in both the chemical shifts and coupling constants for the boron atom in the adducts, compared with that in aluminium borohydride, not only in the compounds reported here, but also in a variety of hydrido-aluminium borohydride adducts reported previ~usly.~ Definite conclusions cannot be made until more values on similar systems are available, but comparison with the boron hydrides reveals that here also boron atoms adjacent to the centre of substitution may be equally uninfluenced: thus, in pentaborane-9, halogen substitution on the apex boron hardly affects the shift and coupling constants of the base boron atoms.1°
A comparison of the behaviour of aluminium borohydride with that of diborane is interesting. The bases trimet hylamine,ll t rieth ylamine ,12 t rimet hylphosphine ,13 and trimethylarsine l 4 all cleave diborane (yielding L+BH, derivatives) even at -78", while dimethyl ether,l5 diethyl ether,16 and dimethyl sulphide l7 form complexes, that are unstable at 25" and dissociate reversibly. However, with the borohydride, only trimethylamine reacted rapidly a t 25" to cleave every bridge, while triethylamine reacted over a period of hours, and trimethylphosphine over a period of several days in the same way. Trimethylarsine reacted rapidly at 25" to form the 1 : 1 adduct, but then did not react further, and the ligands containing oxygen and sulphur atoms reacted similarly. These differences probably arise from the different charge distribution in the A1-H-B bridges compared with that in diborane. Although the bonding of the bridge atoms appears similar in each case, it is to be expected, that, since aluminium has a lower electronegativity than boron (B, 2.0; Al, 1.5), the charge-distribution would no longer be symmetrical, as in diborane, but would now favour the boron atom, thus making the aluminium atom more susceptible to nucleophilic attack.
EXPERIMENTAL
Preparations and operations were carried out in a conventional vacuum-line, or in a glove Solvents were dried over a molecular sieve (type 4A), Trimethylphosphine l8 and trimethylThe remaining Trimethylamine Preparation of Aluminium Borohydride.-The method of Brown and his co-workers was box filled with dry, oxygen-free, nitrogen. and then distilled from lithium aluminium hydride. arsine 19 were prepared from methylmagnesium iodide as described previously. ligands were dried over lithium aluminium hydride, and distilled in vacuo. and triethylamine were first purified by treatment with toluene-fi-sulphonyl chloride. [ 19651
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used.,O The product was purified by distillation in vucuo (v.P. of purified product a t 0" = 119.5 nun. was identical with that previously reported l), and yields of 60-7070 theoretical were obtained. were similar.
Molecular Weight Determinations.-The molecular weights were determined cryoscopically in benzene solution by the method previously described.,l The apparatus was modified so that the solutions prepared in the dry box could be introduced with a syringe. Analytical Methods.-Active hydrogen was determined gas-volumetrically after hydrolysis of the adduct with B~-hydrochloric acid in a sealed-off bulb fitted with a break-seal. The bulb was heated a t 50" for 12 hr. to ensure complete hydrolysis. After removal of the hydrogen, the contents of the bulb were dissolved in a known volume of water, and the aluminium determined by means of 8-hydroxyquinoline, and the boron by distillation as methyl borate. The trimethylamine was determined by rendering a portion of the solution alkaline with sodium hydroxide, distilling the base into standard hydrochloric acid, and back-titrating.
Infrayed Spectra.-Measurements were made over the region 4000-375 cm .-l with an S.P. 100 spectrophotometer, and with Perkin-Elmer model 137 Infracords with sodium chloride and potassium bromide optics. The solid samples were measured in Nujol and hexachlorobutadiene mulls, and in benzene solution, and the liquid samples as thin liquid films. The following values for the compounds include, where applicable, the Nujol bands, and bands that were obtained by other means are marked appropriately, i.e., bands obtained with hexachloro-
